Up to three-quarters of patients undergoing liver resection for colorectal liver metastases (CRLM) develop intrahepatic recurrence. Repeat hepatic resection appears to provide the optimal chance of cure for these patients. The aim of this study was to analyze short-and long-term outcomes following index and repeat hepatectomy for CRLM. Clinicopathological data were obtained from a prospectively maintained database. Perioperative variables and outcomes were compared using the Chi-squared test. Variables associated with long-term survival following index and second hepatectomy were identified by Cox regression analyses. Over the study period, 488 patients underwent hepatic resection for CRLM, with 71 patients undergoing repeat hepatectomy. There was no significant difference in rates of morbidity (P = 0.135), major morbidity (P = 0.638), or mortality (P = 0.623) when index and second hepatectomy were compared. Performance of repeat hepatectomy was independently associated with increased overall and cancer-specific survival following index hepatectomy. Short diseasefree interval between index and second hepatectomy, number of liver metastases >1, and resection of extrahepatic disease were independently associated with shortened survival following repeat resection. Repeat hepatectomy for recurrent CRLM offers short-term outcomes equivalent to those of patients undergoing index hepatectomy, while being independently associated with improved longterm patient survival.
Introduction
Colorectal cancer (CRC) remains the second commonest cause of cancer death in the Western world [1] . The liver is the organ to which CRC most frequently metastasizes, with 15-25% of patients having synchronous colorectal liver metastases (CRLM) at presentation and a further 25-50% ultimately developing CRLM following resection of the primary tumor [2] . Hepatic resection offers the only hope of cure to patients with CRLM, providing 5-year survival rates of 30-50% depending upon selection criteria [3] [4] [5] . Unfortunately, cancer recurs in up to 75% of patients following hepatectomy, in the remnant liver and/or other sites [5] . Over the past three decades, however, repeat hepatectomy has emerged as a viable therapy for recurrent CRLM [6] [7] [8] [9] [10] . The rationale of repeat hepatectomy is supported by the observation that the liver is often the sole site of disease recurrence.
Although studies agree that repeat hepatectomy can be conducted with acceptable short-term morbidity and mortality, they have produced conflicting results regarding the impact of repeat hepatectomy upon long-term survival. While several large cohort studies have demonstrated repeat hepatectomy for recurrent CRLM to be associated with a survival benefit compared to patients undergoing a single hepatectomy [11, 12] , other studies have yielded comparable long-term results between the two groups [13] [14] [15] [16] [17] . In addition, although improved survival after repeat hepatectomy has been shown in some studies, varying patient outcomes have been reported within individual studies. While attempts have been made to derive selection criteria for repeat hepatectomy, variables that predict recurrence
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Repeat hepatectomy is independently associated with favorable long-term outcome in patients with colorectal liver metastases in the repeat hepatectomy group remain to be clearly identified, with a plethora of significant prognostic variables identified in different studies [6, 7, 10, 15, 16, [18] [19] [20] [21] [22] .
The aim of this study was to evaluate the short-term and long-term outcomes of patients undergoing repeat resection of CRLM, including the identification of factors associated with adverse long-term survival following both index resection and repeat resection of CRLM. To the best of our knowledge, this is the first study to assess the impact of repeat hepatectomy on cancer-specific survival following hepatectomy.
Materials and Methods

Study population and data collection
All patients undergoing hepatectomy for CRLM between January 2001 and December 2010 at a single tertiary referral hepatobiliary center were identified from a prospectively maintained database. These data were analyzed retrospectively, with any additional information gathered from medical records. The study was approved by our Institutional Review Board. Staging protocol prior to hepatectomy included contrast-enhanced spiral computerized tomography of the chest, abdomen, and pelvis using an iodinated contrast agent and magnetic resonance imaging of the liver.
The criteria for acceptance for both index and repeat hepatectomy were: anatomically resectable hepatic disease on cross-sectional imaging, the absence of distant, extraabdominal metastases (barring resectable lung metastases), and fitness for major surgery. Resectable hepatic disease for both index and repeat hepatectomy was defined by the ability to (1) spare at least two adjacent liver segments, (2) preserve vascular inflow and outflow, and (3) retain an adequate future liver remnant. All resections were carried out under low central venous pressure conditions. Liver parenchymal dissection was performed using a Sonoca ultrasonic dissector (Söring Medical, Quickborn, Germany), with hemostasis achieved using a combination of diathermy, argon beam coagulation, and suturing. If necessary, intermittent clamping of the portal triad (Pringle manoeuvre) was performed during parenchymal dissection, with periods of occlusion of up to 10 min alternating with 5 min release intervals. Ablative therapies (e.g., radiofrequency ablation) were not employed in any case. Following hepatic resection, patients were transferred to the intensive care unit (ICU) or high dependency unit (HDU) where an established clinical care pathway was followed.
Main short-term postoperative outcome measures were morbidity, major morbidity (Clavien grade III-V complications, i.e., requiring surgical, endoscopic, or radiological intervention, high dependency unit/intensive care unit management, or resulting in death) [23] , and mortality. Morbidity and mortality were defined as occurring within 90 days of surgery. Resected specimens were assessed by a dedicated hepatobiliary pathologist. A positive (R1) margin was defined as <1 mm.
The follow-up protocol consisted of a clinical review at 6 weeks post surgery, followed by clinical assessment, routine serum investigations (including liver function tests and serum carcinoembryonic antigen [CEA] level), and CT scan of the chest, abdomen, and pelvis-all performed once in 6 months for 2 years, then annually to at least 5 years post hepatectomy. Abnormal results during the surveillance period triggered further investigation. Development of symptoms prompted a review earlier than scheduled.
Long-term outcome measures assessed were overall survival and cancer-specific survival (as of August 2014). Causes of death were determined from case notes, computerized records, and death certificates. Patients who died within 90 days of hepatectomy (Clavien grade V complications) were excluded from long-term survival analysis.
Statistical analysis
Significant associations and differences between subgroups within the cohort were assessed using the Chi-squared and Fisher's exact tests. Univariate prognostic significance of variables was determined by univariate Cox regression analysis, Kaplan-Meier analysis, and application of the log-rank test. Multivariate analysis was performed through the entry of all variables with P < 0.10 on univariate analysis into Cox proportional hazard regression analysis using a stepwise backward procedure. Statistical significance was defined as P < 0.05. All statistical analyses were performed using Statistical Package for the Social Sciences 20.0 ® (SPSS, Chicago, IL).
Results
Patient characteristics
During the study period, a total of 488 patients underwent hepatectomy for resection of CRLM, with all resections performed with curative intent. Recurrent disease developed in 338 patients following index hepatectomy (69.3%). Recurrence involved the liver in 231 patients (47.3%) and was liver-only in 152 patients (31.1%). Seventy-one patients (14.5%) developed operable recurrence and underwent a second hepatectomy. Twelve patients (2.5%) underwent a third hepatectomy and three patients (0.6%) underwent a fourth hepatectomy. Patient, tumor, and perioperative factors relating to index hepatectomy and first repeat hepatectomy are shown in Table 1 and Table 2 . The median age at time of index hepatectomy was 64 years (mean age 63.4 years, range 26-85 years). There were 308 (63.1%) men and 180 (36.9%) women. At index hepatectomy, the median number of tumors on preoperative imaging was two (range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Tumor size ranged from 5 to 150 mm, with a median size of 35 mm. In total, 195 patients (40.0%) had a "major" resection (resection of three or more Couinaud segments). Two hundred and fourteen patients (43.9%) had systemic chemotherapy in the 6 months prior to their index liver resection and 195 patients (40.0%) received systemic chemotherapy following index metastasectomy.
Comparison of factors between index hepatectomy and first repeat hepatectomy groups
The number of metastases was significantly lower (P = 0.001) and the distribution was more commonly unilobar in the repeat hepatectomy group (P = 0.049) ( Tables 1 and 2 ). In addition, both anatomical resections and major hepatectomies were significantly less frequent in the repeat resection group compared to the index hepatectomy population (P = 0.001 and P < 0.001, respectively). Concomitant resection of intra-abdominal, extrahepatic disease was, however, significantly more common in the repeat resection group than the index resection group (12.7% vs. 2.9%, respectively, P = 0.001).
There was no significant difference in resection margin status, operative duration, or perioperative blood transfusion requirement between the index resection and repeat hepatectomy groups. Morbidity was 29.7% in the index resection group and 21.1% in the repeat hepatectomy group (P = 0.135). Major complications were encountered in 10.2% of the index hepatectomy group and 8.5% of the repeat resection group (P = 0.638). Ninety-day mortality was 2.0% (n = 10) in the index hepatectomy group and 0% in patients undergoing first repeat hepatectomy (P = 0.623). For subsequent resections, 90-day mortality was 8.3% (n = 1) following third hepatectomy and 0% following fourth hepatectomy.
Identification of factors associated with long-term survival following index hepatectomy
The median follow-up period following index metastasectomy was 29.9 months (range: 4-189 months). The 3-and 5-year overall survival rates following index metastasectomy were 48.0% and 30.1%, respectively (median 34.5 months, 95% confidence interval [CI]: 30.6-38.4 months). The 3-and 5-year cancer-specific survival rates following index metastasectomy were 51.5% and 35.1%, respectively (median 37.6 months, 95% CI: 32.3-42.9 months).
Patient and operative factors were assessed for their influence on long-term survival following index hepatic resection. The following variables were significantly associated with poorer overall survival on univariate analysis (Table 3) : age >65 years, largest metastasis size >50 mm, number of liver metastases >1, preoperative CEA >200 ng/ mL, presence of bilobar disease, performance of major hepatectomy, positive (R1) microscopic margin, concomitant resection of extrahepatic, intra-abdominal disease, perioperative blood transfusion, postoperative morbidity, and absence of repeat hepatectomy.
The following variables were associated with poorer cancer-specific survival on univariate analysis (Table 3) : largest metastasis size >50 mm, number of liver metastases >1, preoperative CEA >200 ng/mL, presence of bilobar disease, performance of major hepatectomy, positive (R1) microscopic margin, concomitant resection of extrahepatic disease, perioperative blood transfusion, and absence of repeat hepatectomy.
On multivariate analysis (Table 4) , the following variables were independently associated with decreased overall survival following index metastasectomy: number of liver metastases >1 (HR 1.353, 95% CI: 1.033-1.774, P = 0.028), preoperative CEA >200 ng/mL (HR 1.717, 95% CI: 1.134-2.601, P = 0.011), positive (R1) microscopic margin (HR 1.330, 95% CI: 1.058-1.669, P = 0.014), concomitant resection of extrahepatic disease (HR 2.736, 95% CI: 1.521-4.920, P = 0.001), and absence of repeat hepatectomy (HR 0.636, 95% CI: 0.460-0.878, P = 0.006). Three-year and five-year overall survival rates were 81.7% and 48.4% in patient undergoing repeat resection compared to 42.1% and 26.2% in patients undergoing index resection only (Fig. 1A) . Patients in the repeat resection group had a median overall survival of 58.9 months; whereas, median survival in the index resection only group was 30.3 months.
On multivariate analysis, the same five variables were also found to exert independent prognostic significance in relation to cancer-specific survival following index metastasectomy (Table 4) Repeat Hepatectomy for Colorectal Cancer C. P. Neal et al. P = 0.018) were independently associated with shortened cancer-specific survival. Three-year and five-year cancerspecific survival rates were 81.7% and 48.4% in patients undergoing repeat resection, compared to 46% and 32.1% in patients undergoing index resection only (Fig. 1B) .
Patients in the repeat resection group had a median overall survival of 58.9 months, whereas, median survival in the index resection only group was 32.8 months.
Survival analyses confirmed that patients undergoing repeat hepatic resection had significantly greater overall and cancer-specific survival than patients with inoperable recurrence but significantly shorter overall and cancerspecific survival than patients who remained disease-free following index resection (all P < 0.01, log-rank test).
Survival analyses were then repeated to compare survival of the single resection group with survival of the repeat hepatectomy group from time of second hepatic resection. Regarding overall survival, 3-year and 5-year survival rates were 42.1% and 26.2% in patients undergoing index resection only and 52.6% and 21.8% in patients undergoing repeat resection. Median survival was 30.3 months in the single resection group and 38.2 months in the repeat resection group (P = 0.811, log-rank test). Regarding cancer-specific survival, 3-year and 5-year survival rates were 46.0% and 32.1% in patients undergoing single resection only and 70.7% and 23.9% in patients undergoing repeat resection. Median survival was 32.8 months in the single resection group and 38.2 months in the repeat resection group (P = 0.782, logrank test). These data confirmed that survival of the repeat resection group from time of second resection was equivalent to survival of the patient group undergoing a single resection. Following third hepatectomy, median overall survival and median cancer-specific survival were 36.1 months.
Identification of factors associated with survival following second hepatectomy
Survival analyses were then repeated to analyze the influence of variables upon long-term survival following second hepatectomy, assessing patient and perioperative factors relating to both index and repeat hepatectomy. On univariate analysis (Table 5) , patients age >65, disease-free interval ≤12 months between index and repeat hepatectomy, and number of liver metastases at repeat resection >1 were significantly associated with shorter overall survival following repeat metastasectomy. These same variables, 
Figure 1. Kaplan-Meier survival curves for (A) overall survival and (B)
cancer-specific survival in 478 patients undergoing index hepatectomy according to the subsequent performance of repeat hepatectomy.
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in addition to concomitant resection of extrahepatic disease at repeat hepatectomy, were also significantly associated with decreased cancer-specific survival following hepatectomy on univariate analysis.
On multivariate analysis (Table 6) , disease-free interval ≤12 months between index and repeat hepatectomy (HR 2.632, 95% CI: 1.399-4.950, P = 0.003) and number of liver metastases at repeat resection >1 (HR 2.903, 95% CI: 1.523-5.533, P = 0.001) were independently associated with shortened overall survival following repeat resection. Regarding cancerspecific survival, disease-free interval ≤12 months between index and repeat hepatectomy (HR 3.279, 95% CI: 1.684-6.410, P < 0.001), number of liver metastases at repeat resection >1 (HR 2.359, 95% CI: 1.213-4.587, P = 0.011), and concomitant resection of extrahepatic metastatic disease at repeat hepatectomy (HR 2.566, 95% CI: 1.327-4.962, P = 0.005) were independently associated with shortened survival following second hepatectomy. 
Discussion
This study confirms that repeat hepatic resection for recurrent CRLM is safe, with short-term outcomes equivalent to those reported following index resection. Second hepatectomy was performed in 14.5% (71/488) of patients undergoing index CRLM resection in this series, which is in line with the median 13.5% repeat resection rate (range 7-32%) reported in a recent systematic review [24] . Compared to initial liver resection, liver metastases at the time of second hepatectomy were significantly more likely to be solitary and unilobar in distribution and, in line with this, major hepatectomy was performed less frequently during second resections. These observations are in agreement with the results of a recent meta-analysis of published studies [25] .
Despite the increased surgical demands inherent in repeat hepatic resection, resulting from intra-abdominal adhesions and altered anatomy in the hypertrophied liver remnant, we found no significant difference in operative duration, margin status, blood transfusion requirement, or postoperative stay between the index resection and second hepatectomy groups. Significantly, both morbidity and major morbidity rates after second hepatectomy (21.1% and 8.5%, respectively) were, in fact, marginally lower than those after index hepatectomy at our center. The morbidity we report (21.1%) is in line with the literature, with a median morbidity rate of 23% (range 12-57%) after second hepatectomy recently reported [24] . Moreover, the mortality rate of 0% in the current series for first repeat hepatectomy agrees with available data and further supports the concept of repeat surgery for CRLM.
Due to the widely accepted survival advantage of index liver resection for potentially operable CRLM over nonoperative treatment, no controlled trial of repeat hepatectomy has ever been performed, with studies relying on the analysis of populations undergoing primary and index resection for CRLM in order to attempt to delineate its role. Studies to date, however, have yielded conflicting results regarding the influence of repeat hepatectomy for CRLM upon longterm survival [11] [12] [13] [14] [15] [16] [17] . A notable finding of this study was that repeat hepatectomy was significantly associated with improved overall and cancer-specific survival following metastasectomy, along with established prognostic factors including tumor number and margin status. Furthermore, this significance was maintained on multivariate analyses that included other known clinicopathological risk factors for long-term survival. These data agree with the conclusions of a recent meta-analysis of studies assessing repeat hepatectomy for recurrent CRLM [25] . While this earlier analysis found no significant difference in overall survival between the single resection and repeat resection groups when all studies were evaluated, repetition of analyses to include just high-quality studies [11, 12, 14, 15] or just studies with greater than 500 cases demonstrated that repeat resection was significantly associated with improved overall survival following metastasectomy. In agreement with this, Saiura et al. recently found the performance of repeat resection to be independently associated with prolonged overall survival following metastasectomy [26] . The current data further support this independent association of repeat resection with improved outcome and demonstrate, for the first time, that the association also extends to cancer-specific survival. Together, these data support the use of repeat resection for CRLM. The equivalent survival we report following index resection in patients undergoing one resection and following second hepatectomy in patients with operable recurrence supports the previously raised notion that repeat resection essentially "resets the oncological clock" in patients with resectable CRLM [24] .
As for index hepatectomy, there remains significant variability in patient outcome following repeat hepatectomy and we therefore also sought to identify factors associated with outcome, specifically following repeat resection. This analysis demonstrated that only factors relating to the repeat resection exerted independent prognostic significance. Specifically, short interval between index and repeat resection, more than one metastasis at repeat resection, and the resection of extrahepatic disease at time of repeat resection were independently associated with shortened survival following repeat resection. Of note, a recent systematic review of repeat hepatectomy series reported that studies had identified 17 prognostic factors associated with adverse outcome following repeat resection, but with no one factor reported by all studies [24] . Without doubt, this variation is due, in part, to the relatively small number of repeat resections in individual studies. They concluded that metastasis size, diseasefree interval >12 months, and margin status were the most reported prognostic factors; findings that are in line with current study. More recently, a meta-analysis of published studies reported the following factors to be significantly associated with adverse outcome following repeat resection, all relating to the second rather than the index operation: disease-free interval, metastasis number, metastasis size, unilobar disease, concomitant extrahepatic metastases, and margin status [25] . Of note, the independent factors identified in this study are among this number.
Conclusions
In summary, this study confirms the value of repeat hepatic resection in patients with CRLM, providing short-term outcomes equivalent to index resection and being independently associated with improved long-term survival, in relation to both overall and cancer-specific survival. Further large studies are needed to confirm these results and to enable more accurate delineation of prognostic variables associated with
